Abstract As a fundamental and crucial research topic in the direct-driven inertial confinement fusion (ICF), especially for shock ignition (SI), investigation on the laser coupling with planar low-Z targets is beneficial for deep physical comprehension at the primary phase of SI. The production of the intense shock and the shock coalescence in the multi-layer targets, driven by the 3ω intense laser (351 nm the wavelength), were studied in detail with the 1D and 2D radiation hydrodynamic simulations. It was inferred that the 1D simulation would overrate the shock velocity and the ablation pressure of the spike; the coalescence time and the velocity of the coalescence shock depended evidently on the pulse shape and the start time of the spike. The present study can also provide a semi-quantitative reference for the design of the SI decomposition experiments on the Shenguang-III prototype laser facility.
Introduction
The investigation on the laser-driven inertial confinement fusion (ICF) is of great significance for the ideal energy resource, as well as the application of fundamental scientific research [1, 2] . Although great improvements have been made for the laser-driven ICF in the past decades [3−7] , ignition is still an unfinished challenge. In fact, according to the National Ignition Campaign (NIC), traditional indirect-driven ICF is probably at the bottle-neck stage; the key factors to restrict ignition include imploding mix, laser plasma interaction, capsule preheat and hydrodynamic instability, etc [7] . Therefore, it is emergent to explore substitutive ignition schemes, such as shock ignition (SI) [8] , a new inspiring direct-driven ignition concept with high-gain.
For the shock ignition, achieving a high compression capsule is separated from that of heating the center of the target. At a time close to the end of the implosion driven by the compression pulse, the shell is irradiated by a final, more intense spike to ignite. There are many potential advantages for SI, such as lower energy threshold, better hydrodynamic stability, and so on [9, 10] . Therefore, as a hotspot and frontier in the field of laser-driven ICF study, SI has drawn strong and wide attention since being proposed. Two integrated demonstrating experiments of SI had been performed by the staff of the OMEGA facility, indicating the high-gain advantage of SI compared with traditional central ignition [11, 12] . Moreover, the sufficient theoretical analysis and concept designs [13−20] also indicated a bright future for SI.
Due to the attractive advantages, it is essential to carry out decomposition studies at the primary phase of SI, for deep physics comprehension and ignition mechanism study. Among the major physics of SI, the production of the intense shock and the interaction of the pre-shock with the intense shock are the most important, several related planar experiments have been performed [21−23] . In 2012, Baton et al. investigated the capacity in a planar geometry experimentally, to launch a strong shock wave in a compressed target in the presence of large pre-plasma [21] . In 2014, experiments in the planar scheme investigating shock strength and LPI at SI-relevant laser and plasma conditions have been performed [22] . These experiments can provide crucial measurable quantities for SI study, including shock velocity and shock timing. However, more detailed information, such as the profiles of the plasma state and the effects of different parameters, are needed for the basic understanding and mechanism study of SI by simulations. In this study, the production of the intense shock and the shock coalescence in the multi-layer targets were studied in detail with the 1D and 2D radi- * supported by the National High-Tech R&D Program (863 Program) of China and National Natural Science Foundation of China (Nos. 11205143, 11505167) ation hydrodynamic simulations. The effects of laser condition and target parameters were analyzed and the marginal effects were also considered.
Planar scheme for SI study
Due to the convenient analysis and simple scheme, investigation on laser coupling with planar targets is beneficial for deep physical comprehension at the primary phase of SI. Different with the sphere ignition scheme, the target structure and laser condition in the planar scheme are designed as follows.
Multi-layer planar targets
From the view of experiments, multi-layer planar targets are usually adopted for SI study in the planar scheme, as shown in Fig. 1(a) . On one hand, when a laser interacts with the CH target, the hard X-ray emission and supra-thermal electrons will lead to preheating in the CH material without a shield layer, influencing the shock feature [24−26] . On the other hand, a VISAR (velocity interferometer system for any reflector) is usually employed to diagnose the velocity history of shock waves [21, 22, 27] ; our previous experiments suggested that CH as a window material was not so satisfying for poor transparency and compression resistance.
Three layers have been designed for the planar targets, including an ablator layer, shield layer and window layer. Firstly, the laser pulse interacts with the ablator layer, the CH material in Fig. 1(a) , to drive the pre-shock wave and to cause hard X-ray emissions and supra-thermal electrons. The CH layer is thick enough to avoid radiation burn through. Secondly, the shield layer is made of mid-Z or high-Z material such as Ti and Au, to reduce the influence of preheating and to infer the information of supra-thermal electrons. The thickness of the shield layer is determined by the material opacity and the electron range; moreover, the impedance mismatch of the shield layer with other layers should also be considered. Thirdly, the window layer is chosen as a transparent material with high compression resistance such as diamond, LiF or quartz, to obtain the shock history.
Laser shape with double pulses
As mentioned above, the core of SI is to separate the compression process with the ignition process, hence the laser pulse shape is composed of double pulses for SI study in the planar scheme. In Fig. 1(b) , the intensity of the compression pulse is moderate (several 10 14 W/cm 2 ) while that of the spike is much higher (over 10 15 W/cm 2 ), and the time delay between the two pulses can be adjusted. In the experiments, the compression pulse can be obtained with a large laser spot and long duration (τ c ) to drive a pre-shock; when the spike pulse is loaded with a small spot and short duration (τ s ), an intense shock is driven and will catch up with the pre-shock to coalesce into an even stronger intense shock.
Radiation hydrodynamic simulations
In order to obtain fundamental comprehension and a basic physical picture, we carried out radiation hydrodynamic simulations for SI study in the planar scheme. In fact, the pressure in the CH material is not a measurable quantity, it is usually inferred from the simulation that they are convergent with the direct measurable quantities such as shock velocity and interface movement [21] . The verified simulation by experimental results can provide more information, such as plasma state with temporal and spatial evolution, for basic physical laws and underlying mechanism study.
In the simulations, the selected parameters in Fig. 1 were as follows. The thickness of CH was 50 µm; the shield layer chose Au with 2 µm, 5 µm or 10 µm thickness; the window layer chose diamond with a thickness of 200 µm. The laser with a wavelength of 351 nm (3ω) was used, and the absorbed intensity of the compression pulse was 4×10 14 W/cm 2 ; the laser spot for the compression pulse was round with a 500 µm diameter while for the spike pulse the diameter was 250 µm; the pulse durations τ c and τ s were 1 ns and 0.5 ns, respectively; the delay time was 1 ns, 1.2 ns or 1.4 ns. 
1D simulation
1D simulations were performed with the widely used multi-group radiation hydrodynamics code Multi-1D [28] . Radiation and electron thermal transport equations were coupled with the hydrodynamic equations and the inverse bremsstrahlung is included in the laser energy deposition. In the simulations, data of equation of state (EOS) were from the SESAME database and radiation opacities in non-local thermodynamic equilibrium were from tabular data, which were calculated with the code SNOP [29] . The electron thermal conduction was described by the interpolation between the Spitzer regime and the flux limited regime; and the flux limiter was set as 0.03. The CH layer was divided into 100 cells, while the Au layer was divided into 100 cells and the diamond was divided into 200 cells.
For a typical case (the thickness of Au layer was 5 µm, the delay time was 1.2 ns and the absorbed spike intensity was 3×10
15 W/cm 2 ), the temporal evolution of the simulated pressure in the Lagrangian coordinate is shown in Fig. 2(a) . The pre-shock driven by the compression pulse propagated inward to the shield Au layer, reflecting the shock wave to the CH material from the CH-Au interface. At about t 0 = 0.75 ns, the pre-shock breakout at the Au-diamond interface (event A), reflecting a rarefaction wave to the Au material. The spike pulse was loaded at 1.2 ns to drive an intense inward shock, faster than the pre-shock. At 1.7 ns, the pre-shock was finally caught by the intense shock, to form a coalescence shock (event B). The shock velocity for event A in the window material was 40.7 km/s, which leapt to about 86.2 km/s, showing a significant enhancement for event B. Moreover, complex wave interactions can also be inferred from Fig. 1(a) . For instance, the coalescence shock was also caught up by the compression wave due to the interaction of several kinds of reflection waves and transmission waves. Table 1 summarized the influence of the target parameters and laser condition on event A and event B, including occurrence time t 0 , t c and shock velocity v s1 , v s2 . From 1D results, the thickness of the shield layer had an obvious influence on both events; the thicker the Au layer was, the longer it took to breakout for event A and to coalesce for event B, which means more attenuation for shock intensity due to the shield layer. For the laser condition, the time delay and spike intensity only affected event B. An intense spike leads to a much higher coalescence shock velocity with shorter t c ; although t c increased with the time delay quasi-linearly, the coalescence shock velocity was not so sensitive to ∆t. From Table 1 , it can be seen that the pulse shape is an important factor that needs more attention; when we replaced both pulse shapes from square pulse to trapezoid pulse (250 ps rising edge for the compression pulse and 130 ps for the spike pulse), besides the longer time of t 0 and t c , the shock velocities for both events were also dropped. These results can be used to control the shock timing and the shock coalescence which are crucial for SI.
2D simulation
Generally, the experiments in the planar scheme are not the perfect 1D case. Marginal effects should be accounted for, especially when the ablation region is comparable to the spot size. We performed 2D simulations with the hydrodynamics code Multi-2D in axialsymmetric geometry [30] . It treats plasma hydrodynamic motion together with various energy transfer mechanisms: electronic heat conduction, thermal radiation transport, and laser or ion beam deposition. The equation-of-state data in tabular form were also from the SESAME database. However, the laser deposition was calculated with the limitation of no refraction and no reflection. Along the target normal, the CH layer was divided into 60 cells, while the Au layer was divided into 40 cells and diamond was divided into 100 cells; along the target surface, 80 progressive cells were used in 400 microns from the target surface center.
The temporal pressure in the Lagrangian coordinate of the 2D simulation is shown in Fig. 2(b) , the same typical case as in Fig. 2(a) . For the duration of the compression pulse, the results in the 2D simulation, including the t 0 and v s1 , were close to the 1D simulation; the inferred max ablation pressures in the CH material were both around 30 Mbar. This indicated that the marginal effect was not so significant for pre-shock since the laser spot was larger. However, when the highdimensional effect was considered, the ablation pressure of the spike with an intensity of 3×10 15 W/cm 2 was about 140 Mbar from the 2D simulation, much lower than 250 Mbar from the 1D simulation, implying a crucial marginal effect. For different laser conditions and target parameters, the 2D results of both events are also illustrated in Table 1 and are identical with the 1D results for physical trends, however, to different extents. The primary difference was the coalescence shock velocity v sl ; for instance, with an absorbed laser spike intensity of 3×10 15 W/cm 2 , the value v s1 of the 2D simulation was only about 60 km/s, much lower than that of around 80 km/s for the 1D simulations. Therefore, the 1D simulation would overrate the shock velocity and the ablation pressure of the spike due to neglecting the marginal effects. The essential cause of the marginal effects was probably due to the lateral energy flow. In the 2D simulation, there was also a distribution of the plasma state along the target surface, hence the shock wave would have 2D effects since generation, especially when the laser spot size becomes comparable to the region of the conduction region [20] . For a clear illustration of the marginal effect, the 2D spatial distributions of the simulated pressure (Mbar) at three different times are shown in Fig. 3 , including 1 ns, 1.7 ns and 2.2 ns; the targets were irradiated by the laser pulses from the right side. As shown in Fig. 3(a) , the pre-shock had passed through the shield layer at 1 ns and a reflecting shock into the CH material was observed. The radius of the compression pulse was 250 µm, much larger than the radiation thermal conduction zone, and there was about 200 µm of flat area of the shock wave head. Even for 0.7 ns later in Fig. 3(b) , the wave head of the pre-shock still maintained a wide flat region. However, due to the smaller laser spot, close to the ablation region scale, a curved wave head was shown for the intense shock since generation driven by the spike. The steeper gradient of the electron density and radiation at the boundary for the spike pulse can be accounted for by the significant marginal effect. At 2.2 ns in Fig. 3(c) , the intense shock had already coalesced with the pre-shock and an even bigger curvature of the coalescence shock was observed, due to the 2D effect of shock wave propagation. 
Discussions
To convince the reliability of the 2D simulations, we compared the experimental results of Baton with the Multi-2D results under the same circumstance. In the experiment, double square pulses were employed, and the measured times of t 0 , t c were 2.08 ns and 2.8 ns, respectively [21] . From our simulation, for ideal square pulses, the event A occurred at t 0 = 1.83 ns, shorter than the experimental result. In fact, this experimental study did not provide the actual time history of the laser pulse, which was probably not the ideal square shape [21] . Taking the rising edge and the trailing edge into consideration, the simulated t 0 was 2.0 ns, close to the experimental result. This implies that the simulation of shock features was relatively precise for the compression pulse at a moderate laser intensity. Moreover, t c was simulated as 2.6 ns, a little away from the experimental result 2.8 ns. In fact, the velocity of the coalescence shock was overrated by about 20% in the simulation, accounting for the time difference of t c . Therefore, the marginal effects at the present simulation were still not enough to compare with the experiments exactly and the 2D simulation was credible semi-quantitatively for the shock timing study.
Several questions need more attention in the 2D simulations. Firstly, normal incidence of laser pulses was supposed, while symmetrical oblique incidence is usually adopted in the experiments; then the effect of multi-beam overlapping should be taken into consideration. Secondly, since the laser deposition of Multi-2D was calculated with the limitation of no refraction and no reflection, the above laser intensities were supposed as net absorption and the loss of backscatter was not included. Thirdly, the impact of the shield layer on the preheating by hard X-ray emissions and supra-thermal elections should also be carefully evaluated. Moreover, the simulations require more limitation by experiments. These are the major directions for study in the future.
Conclusion
We have investigated the shock ignition in the planar scheme numerically with the radiation hydrodynamic simulation codes Multi-1D and Multi-2D. The production of the intense shock and the interaction of the pre-shock with the intense shock were studied in detail. The effects of laser condition and target parameters are evaluated on both events (event A and event B). It was inferred that the 1D simulation would overrate the shock velocity and the ablation pressure of the spike. When a high-dimensional effect was considered, the ablation pressure of the spike with an absorbed intensity of 3×10 15 W/cm 2 was about 140 Mbar from the 2D simulation, much lower than 250 Mbar from the 1D simulation. The lateral energy flow accounted for the significant marginal effect. In addition, the coalescence time and the velocity of the coalescence shock depended evidently on the pulse shape and the start time of the spike. The present study can provide a semiquantitative reference for the design of the SI decomposition experiments on the Shenguang-III prototype laser facility. Although the reliability of the 2D simulations can be convinced by comparisons with previous experiments semi-quantitatively, new physics related to LPI and supra-thermal electrons should be introduced in the hydrodynamic simulations for more accurate results [31] and a coupled hydrodynamic model is one of our objectives under development.
